Laryngeal muscle activity may be an important determinant of breathing patterns in infants. it has been proposed that retardation of expiratory flow (expiratory braking) and grunting, characteristic of neonates with respiratory distress, are accomplished by active laryngeal adduction (8). Healthy preterm and term infants are also able to control expiratory flow in order to actively maintain end expiratory lung volume above the resting lung volume (9, lo), although the relative contributions of laryngeal and diaphragmatic mechanisms to this regulation of lung volume are unclear. The purpose of this investigation was to determine the response of the laryngeal muscles and the diaphragm in healthy preterm infants to changes in respiratory drive and their resultant effects on airflow patterns.
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METHODS
Studies were performed on 12 preterm infants free of cardiorespiratory problems at the time of study. Mean gestational age at birth was 32 5 2 wk (mean + SD) as determined from both maternal history and physical and neurological examination.
The subjects were studied at a postnatal age of 21 + 8 days when their weight was 1.7 .t 0.2 kg. All infants were breathing room air at the time of study, although six had recovered from respiratory distress syndrome.
The LAR EMG was obtained with silver cvlinder electrodes attached approximately 1 .0 cm apart near the-tip of a 5-French esophageal catheter (I I). The catheter tip was advanced 8 to 10 cm from the nares depending on the infant's size, and the final position adjusted to optimize the signal to noise ratio. In preliminary studies. the distance that the catheter was initially inserted was hetermined from postmortem studies of infants bf similar size. If an electrocardiographic artefact was obtained, the catheter was pulled back slowly until it disappeared. Phasic inspiratory Human and animal studies have documented that various electromyographic activity (LAR EMG) was obtained from a muscles of the upper airway are activated in synchrony with the very discrete area and catheter displacement of as little as a few respiratory cycle and modulate airflow. The activity of these mm was sufficient to lose the signal. The catheter was then upper airway muscles is modulated by chemo-and mechanore-secured with tape to assure a consistent signal throughout the ceptor afferent feedback. Electromyographic and endoscopic study. The costal DIA EMG was simultaneously recorded from studies have demonstrated that one group of upper airway mus-two adhesive surface electrodes (Medtronic Andover Medical, cles, the intrinsic laryngeal muscles, produce marked changes in Lowell, MA) placed approximately 1.0 cm apart over the right upper airway resistance by altering the position ofthe vocal cords subcostal margin between the mid and anterior axillary lines (1-5). The main abductor of the vocal cords is the PCA which is (12) . Both EMGs were amplified (Coulbourn Fiber Optic Biologactive predominantly during inspiration although other laryngeal ical Preamplifiers, Lehigh Valley, PA), band pass filtered from muscles(cricothyroid, thyroarytenoid, interarytenoid, and lateral 30 to 300 Hz, rectified, and fed into a moving time averager with a time constant of 100 ms.
The delayed signal was sent to the output until an electrocardiogram was detected. At this point, the delayed signal was replaced by the undelayed signal. Hence, the electrocardiogram was removed and replaced by an adjacent portion of the DIA EMG. This process introduced a delay of the DIA EMG of approximately 60 ms. Airflow and mask occlusion pressures (Validyne MP 45-1 8, +_ 50 cm H20, Northridge, CA) were measured with a nasal mask pneumotachograph modified to perform occlusions (13) . The pneumotachograph was linear over flow rates of 0 to 5 liter/min and had a linear resistance of 8 cm H20/liter/s with a dead space of less than 2.5 ml. A gas flow of 5 literjmin was delivered past the mask allowing the concentration of inspired gas to be rapidly changed. Four percent CO2 in air was administered to eight infants for up to 5 min or until arousal occurred (from 3 to 5 min). Data from the last min of CO, inhalation were compared to those of the control period. End tidal C02 sampling was performed by continuous suctioning of gas from the nasal mask to the C 0 2 analyzer (Cavitron model PM-20NR, Anaheim, CA) at a flow rate of 60 ml/min. An average of six (four to 12) and expiratory occlusions were performed in seven infants to test volume-related reflexes. Occlusions were performed for single breaths and were separated by at least 30 s.
Peak amplitude of EMGs was quantified from the difference between baseline activity and peak phasic activity of the moving time averager on breath by breath analysis. Peak EMGs both prior to and during C 0 2 inhalation were quantified in arbitrary units. Mechanical inspiratory time was measured from airflow during spontaneous breathing and from mask pressure during occlusion (14) . Onset, duration, postinspiratory activity, and end of the EMGs were measured from the raw signals, and when necessary the moving averager signal was used to confirm this analysis.
The protocol was approved by the Institutional Review Board and parental informed consent was obtained prior to each study. Studies were begun immediately after a feeding, although the actual data collection occurred at any time between two feedings. The infants were studied in the supine position in a semidark, quiet room and kept inside an incubator at the infants' usual thermoneutral environment. Sedatives were not given to any infant and studies were performed during sleep, when respirations were regular, although classification of sleep state was not attempted in these immature infants. All data were simultaneously recorded on a polygraph. We tested the significance of the time delays between EMG events and airflow against zero using paired t tests to test the null hypothesis that they occurred simultaneously. Paired t tests were also used for the analysis of the rest of the data. All results are expressed as mean + SD and a p < 0.05 was accepted for significance.
RESULTS
In each of the subjects phasic LAR and DIA EMGs could be readily recognized to occur during the inspiratory phase of the respiratory cycle (Fig. 1) . As noted in Figure 1 , once a phasic EMG was obtained in each infant, it was recorded virtually with every breath. Onset of LAR EMG preceded onset of DIA EMG by 70 5 60 ms ( p < 0.05) and inspiratory airflow by 180 + 80 ms ( p < 0.001, Table1 ). LAR EMG ended before onset of expiratory airflow ( p < 0.01). In eight infants DIA EMG extended into expiration for an average of 1 10 + 100 ms. A typical example of these time delays between the EMGs and airflow is shown in Figure 2 . As seen in these figures, a baseline level of activity was also present in each infant. The variability in this background activity suggests that it is predominantly tonic activity and not electrical noise. Although phasic LAR EMG occurred during inspiratory airflow in each subject, sporadic bursts of EMG from the laryngeal electrodes occasionally occurred during abrupt interruption of airflow, particularly at any time during expiration. These occasional bursts of EMG were not in synchrony with the respiratory cycle and it appeared that the obstructive episodes were associated with swallowing. Sighs were accompanied by markedly augmented LAR and DIA EMGs in each subject.
Both prior to and during C 0 2 inhalation, the durations of LAR and DIA EMGs were longer than inspiratory flow (Table  1) . Hypercapneic stimulation increased peak LAR EMG in all eight subjects (average increase of 142 + 64%, p < 0.01) and Fig. 5 ). There was no consistent change in peak EMG amplitudes in response to end expiratory occlusions. Analysis of expiratory airflow patterns during spontaneous breathing (control) and accompanying EMGs allowed us to distinguish between two patterns of braking or retarded expiratory airflow. Retardation of early expiratory airflow was accompanied by persistence of DIA EMGs into the expiratory phase as illustrated in Figure 6 . At other times expiratory airflow was retarded during mid-to late expiration followed by a rapid increase in expiratory airflow during late expiration that immediately preceded the subsequent inspiration. This flow pattern was not accompanied by consistent changes in the DIA EMG but the rapid increase in airflow toward end expiration was associated with onset of the LAR EMG of the subsequent inspiration. A typical example of this type of braking is shown in Figure 7 . This pattern was seen in all subjects on at least one occasion and was associated with exhalation of up to 70% of the infants' tidal volume toward end expiration. In the absence of expiratory breaking, rapid expiratory flows commenced during early expiration and a burst of end expiratory flow did not precede the subsequent inspiration. ,, mechanical stimulation indicate that it represents respiratory activity from an upper airway muscle. The need for precise esophageal electrode positioning to obtain an optimal EMG suggests that the recorded activity emerges from a specific muscle or group of muscles of the laryngeal area.
Invasive recordings from muscles or nerves of the larynx have demonstrated that both inspiratory and/or expiratory activity can be observed (6, 7, (15) (16) (17) (18) (19) . A percutaneous needle electrode may be used to record from muscles that lie on the anterior aspect of the larynx, namely the cricothyroid and thyroarytenoid but it is technically difficult to reach the PCA, the main abductor of the vocal cords (20) . Recently Guindi et al. (19) and Brancatisano et al. (21) reported the use of surface intraesophageal electrodes and documented electromyographic activity during inspiration that appeared to originate in the PCA muscles. The PCA muscles which lie on the posterior aspect of the larynx immediately anterior to the lower oropharynx, have predominantly phasic inspiratory activity and decrease inspiratory laryngeal resistance by abducting the vocal cords (1). Tonic activity of the PCA has also been observed (7, 16, 18, 22) and it is possible that persistent activity throughout expiration also reduces expiratory resistance. Other muscles of the larynx, such as the cricothyroid, may also facilitate vocal cord abduction and further decrease laryngeal resistance (1). The cricothyroid, however, is situated anterior to the vocal cords, far from our electrode position, and is thus unlikely to contribute substantially to the recorded signal. Laryngeal adductors, including the thyroarytenoid, the interarytenoid, and the lateral cricoarytenoid, are activated during expiration and typically silent during inspiration (16) . Therefore, the predominantly inspiratory phasic activity recorded with our technique appears to emerge from the PCA although we cannot exclude a contribution from other intrinsic or extrinsic laryngeal muscles. The occasional bursts of activity during expiration that were associated with brief episodes of upper airway obstruction may, in turn, originate from vocal cord adductors or other muscles in the area such as the inferior pharyngeal constrictor.
The sequential pattern of respiratory muscle activation, with the onset of upper airway muscle activity preceding that of the diaphragm and subsequently airflow, has now been reported for multiple upper airway muscles in both animal and human studies including neonates (12) . It has been conclusively shown that onset of PCA or recurrent laryngeal nerve activity precedes that of the daphragm EMG or phrenic neurogram, respectively (1 6-18, 23, 24). Furthermore, fiber-optic visualization of the vocal cords has demonstrated that abduction of the vocal cords, which coincides with the onset of PCA EMG (5, 21), precedes inspiratory flow. It is possible that early activation of upper airway muscles is necessary to reduce upper airway resistance during early inspiration. Furthermore, early activation of vocal cord abductors appears to facilitate expiratory airflow just prior to inspiration. The earlier onset of LAR EMG accounts for the observation that its phasic activity was longer than inspiratory airflow. In contrast, as previously shown in newborn infants (l2), DIA EMG frequently showed evidence of postinspiratory activity thus accounting for its duration beyond that of airflow. Retardation of expiratory flow during early expiration occurred in the presence of postinspiration inspiratory activity in the DIA EMG.
Once a laryngeal EMG was obtained in an infant, phasic inspiratory activity occurred with essentially every breath. This is in contrast with experience employing noninvasive or invasive EMG recordings from other upper airway muscles in infants where inspiratory activation could at times only be intermittently recorded (12, 13, 25) . These observations are in agreement with the data of Haxhiu et al. (24) in unanesthetized cats which suggest that PCA activation occurs more consistently than that of the genioglossus. The glottis represents one of the narrowest portions of the upper airway and thus activation of the PCA would be expected to be present consistently. It is also possible that the laryngeal electrodes are in closer contact to the underlying muscles than skin electrodes over the alae nasi or submental regions.
As reported with needle electrodes in animals of various species (4, 16, 24, 26) and with surface electrodes in human adults (22) hypercapneic stimulation increased the amplitude of the phasic LAR as well as DIA EMG. The relatively bigger increase of the LAR than the DIA EMG is consistent with these previous data but we are limited in our ability to determine if the increase is linear or curvilinear since only one concentration of inspired COz was used.
The prolongation of inspiratory activity of both LAR and DIA EMGs in response to end expiratory occlusion suggests that the activity of these muscles is modulated by volume-time related feedback. Animal studies that evaluate mechanoreceptor reflexes indicate that inspiratory inhibition of upper airway muscles may occur during normal lung inflation (27) and that these responses are, in part, vagally mediated (4, 16, 23, 27) , although local upper airway receptors may also contribute (28) . Since peak amplitude of the LAR EMG did not consistently increase in response to end expiratory occlusion, prolonged activation rather than increased recruitment of new fibers appears to mediate the changes that occurred during occlusion. These findings are in contrast with the consistent increase in peak amplitude of the submental EMG observed in preterm infants during occlusions (13) . As noted with end expiratory occlusions in animal studies (27) , it is likely that during normal lung inflation the various respiratory muscles are inhibited to different degrees. This variable response of respiratory muscles could explain the different behavior of the LAR and submental EMGs during end expiratory occlusion in preterm infants.
Expiratory braking may be accomplished by persistent activity of inspiratory muscles such as postinspiration inspiratory activity of the DIA. Braking may also be a consequence of increased expiratory resistance as occurs with active expiratory laryngeal adduction (6) or with loss of laryngeal abductor activity during expiration (2) . Finally, a combination of some of these mechanisms may also produce expiratory braking (7) . In neonatal mammals (lambs and puppies), expiratory thyroartenoid (laryngeal adductor) activity delays expiratory flow (6, 7) . In contrast, attempts to record from various intrinsic laryngeal muscles in the newborn opossum revealed no phasic adductor activity during laryngeal closure and only demonstrated reduction of PCA activity during retardation of expiratory flow (1 7). Our observations seem to support the latter mechanism since the onset of phasic LAR EMG was associated with rapid expiratory airflow during late expiration suggesting that loss of PCA activity may retard expiratory flow and subsequent vocal cord abduction may counteract expiratory braking in the newborn infant. However, we cannot exclude the possibility that adductor activity could also contribute to expiratory braking in the human infant. It is also possible that the preactivation of the LAR EMG may be important in achieving a lower lung volume just before inspiration and thus a more favorable length-tension relationship for the diaphragm. The lack of other EMG recordings, particularly from the abdominal muscles, limits our ability to precisely determine the role played by other accessory muscles of respiration that may also actively modulate expiratory airflow.
Expiratory braking may have substantial effects on maintenance of lung volume, particularly in the newborn infant. The pattern of mid-to late expiratory braking with a rapid increase in expiratory flow during late expiration described in our preterm infants at 3 wk of age has been observed to be more prominent during the first hours of life in full-term infants (29) . Expiratory braking may also be of particular importance in neonates because they have increased chest wall compliance and a need to maintain end expiratory lung volume above their resting lung volumes (9, 10) . Persistence of DIA braking during C 0 2 inhalation may be a strategy used by preterm infants for active maintenance of an elevated lung volume.
In summary we have used a minimally invasive technique to record electromyographic activity of the LAR area. The location and characteristics of the phasic inspiratory LAR EMG suggest that it emerges from the PCA. Simultaneous DIA EMG recordings have also allowed further characterization of expiratory braking patterns, suggesting that LAR muscles are actively involved in determining expiratory flow patterns in preterm infants.
